Objective: The objective of this study was to examine the association between delta V and risk of injury to children involved in frontal motor vehicle crashes. Background: Previous studies, primarily focused on adult occupants, have demonstrated the relationship between crash severity, as measured by delta V and injury severity. As children have unique safety needs, these results cannot be directly applied to the pediatric population. Methods: Case series crash investigation data and clinical injury information were reviewed from a child-focused crash surveillance system. Analyses were performed examining the relationship between the estimated delta V and any AIS Ն 2 or any AIS Ն 3 injury. Results: Detailed crash investigation and clinical data were available on 407 children involved in 235 frontal crashes. The average delta V for all crashes was 29 Ϯ 16.9 kph ͓18 Ϯ 10.5 mph (range, 5-123 kph)͔. Delta V was strongly and positively associated with the odds of both an AIS Ն 2 and AIS Ն 3 injury (P Ͻ 0.0001). The adjusted odds of at least one AIS Ն 2 injury increased on average by 56% (95% confidence interval ͓CI͔, 33%-85%) for each 10 kph increase in delta V. Similarly, the adjusted odds of at least one AIS Ն 3 injury increased on average by 67% (95% CI, 40%-102%) for each 10 kph increase in delta V. The delta V at which 50% of child occupants would be expected to sustain any AIS Ն 2 injury was 37 kph ͓23.0 mph (95% CI, 32-45 kph)͔, and any AIS Ն 3 injury was 63 kph ͓39.1 mph (95% CI, 51-ϱ kph)͔. Conclusion: Delta V is strongly predictive of injury risk for child occupants. As many newer generation cars are now fitted with event data recorders, this information is increasingly available and may become useful as a clinical predictor.
O ne of the most important determinants of the severity of injury sustained by occupants in motor vehicle crashes is the instantaneous change in velocity, the delta V, at the time of impact. Historically, delta V has been of limited use clinically because the calculation of delta V required a detailed crash investigation to systematically measure the crush of the vehicles involved and to determine travel velocities at the time of impact. This crash information was not generally available in a time frame useful for clinical decision making. With the installation of event data recorders (EDRs) in many newer model vehicles, delta V can now be measured directly at the time of the crash and is potentially immediately available for use in trauma triaging.
Previous studies that have demonstrated the relationship between delta V and overall injury risk as well as injury risk to specific body regions have been primarily focused on adult occupants. [1] [2] [3] [4] [5] As children have unique safety needs, these results cannot be directly applied to the pediatric population. To determine whether and to what degree delta V is predictive of injury risk in child occupants involved in motor vehicle crashes, we correlated the delta V determined during detailed crash investigation from a large child specific surveillance system with specific anatomic injury data.
METHODS

Data Collection
Data collected from December 1, 1998 through December 31, 2003 as part of the Partners for Child Passenger Safety (PCPS) project form the basis of this study. Detailed descriptions of the study population and methods involved in data collection and analysis have been previously published. 6 Briefly, PCPS consists of a large-scale, ongoing, populationbased, child-specific crash surveillance system. Insurance claims processed by the State Farm Insurance Co. (Bloomington, IL) function as the source of subjects, with on-site crash investigations serving as the primary sources of data.
Vehicles qualifying for inclusion in the surveillance system were those involving at least one child occupant Յ15 years of age riding in a model year 1990 or newer State Farm-insured vehicle. Qualifying crashes were limited to those that occurred in 15 states and the District of Columbia, representing 3 large regions of the United States (East: NY, NJ, PA, DE, MD, VA, WV, NC, DC; Midwest: OH, MI, IN, IL; West: CA, NV, AZ).
On a daily basis, data from qualifying and consenting claims were transferred electronically from all involved State Farm field offices to researchers at the Children's Hospital of Philadelphia and the University of Pennsylvania (CHOP/ Penn). To gain more detailed information about the kinematics of child occupants and the mechanisms of injury, PCPS cases were chosen for in-depth crash investigation based on manual review of claims files. The criteria for selection for an in-depth crash investigation included cases in which children were admitted to the hospital with serious injuries and those with children fatally injured.
Eligible cases were screened via telephone with the policyholder to confirm the restraint status and medical details of the case. Contact information from selected cases was then forwarded to a crash investigation firm and a full-scale on-site crash investigation was conducted using custom childspecific data collection forms. The on-scene investigations were supplemented by information from witnesses, crash victims, physicians, hospital medical records, police reports, and emergency medical service personnel. From this information, reports were generated that included estimates of the vehicle dynamics and occupant kinematics during the crash and detailed descriptions of the injuries sustained in the crash by body region, type of injury, and severity of injury. Delta V, an accepted measure of crash severity, was calculated using WinSmash and the crush measurements of the vehicles involved. The Institutional Review Boards of both CHOP/ Penn of Medicine approved the conduct of this project.
Data Analysis
For this analysis, only frontal crashes were included as this is the crash direction for which the WinSmash program used to calculate delta V is designed. The predictive modeling considered the relationship between the odds of at least one AIS Ն 2 and at least one AIS Ն 3 injury and the estimated delta V as a result of a frontal impact vehicle crash. The data from 407 children in 235 investigated frontal impact crashes was used.
Logistic regression modeling was used to compute the odds ratio (OR) of injury for each additional kilometer per hour (kph) of delta V, both unadjusted and adjusted for the child's age, restraint type, and seating row. Preliminary analysis showed that the best unadjusted fit to injury risk was given by a quadratic logistic regression of the form
where p i is the ith subject's probability of injury, d i is the ith subject's delta V, d is the sample mean delta V, and ␤ 0 , ␤ 1 , and ␤ 2 are unknown parameters. Results from the quadratic model are presented in Figure 1 . In addition, the results of linear logistic regression models of the form
are presented as a linear approximation to the quadratic model, for ease of interpretation.
Confidence intervals and overall tests of significance were made using likelihood ratio tests. Analyses were conducted using SAS V8.1 (SAS Institute, Cary, NC). Because multiple children were sometimes involved in the same crash and children in the same crash may have more similar injury outcomes, standard analyses that assume independence of observations may produce confidence intervals that are too narrow or nominal P values that are too small. However, preliminary analyses indicated that accounting for the clustering of children by crash changed standard error estimates by less than 5%; hence, the results presented do not adjust for clustering.
RESULTS
Detailed crash investigation and clinical data were available on 407 children involved in 235 frontal crashes. The average age of the study population was 7.2 years with 4-to 8-year-olds comprising the largest age group (38.6%) ( Table 1) . The majority of children were restrained (83.5%) and rear seat occupants (78.2%) ( Table 1 ). There were 7 deaths in the study population with a mean delta V of 62.1 Ϯ 26.2 kph (range, 29 -97 kph). An AIS Ն 2 injury occurred in 38% of child occupants and an AIS Ն 3 injury in 17% of the child sample. The average delta V for all crashes was 29 Ϯ 16.9 kph (18 Ϯ 10.5 mph; range, 5-123 kph). A photograph of an exemplar vehicle at that delta V is shown in Figure 2 . Figure 3 shows the proportion of children sustaining AIS Ն 2 and AIS Ն 3 injuries by estimated delta V. Delta V was strongly and positively associated with risk of both AIS Ն 2 (P Ͻ 0.0001) and AIS Ն 3 (P Ͻ 0.0001) injury. Figure 2 plots the unadjusted risk of AIS Ն 2 and AIS Ն 3 injury associated with delta V under a quadratic logistic regression model. 1 Using a linear approximation to the quadratic model, 2 the unadjusted odds of at least one AIS Ն 2 injury increased on average by 53% (95% confidence interval ͓CI͔, 32%-80%) for each 10 kph increase in delta V; similarly, the unadjusted odds of at least one AIS Ն 3 injury increased on average by 59% (95% CI, 36%-89%) for each 10 kph increase in delta V. Adjusting for age, restraint type, and front row seating had little effect: the odds of at least one AIS Ն 2 injury increased on average by 56% (95% CI ϭ 33%, 85%) for each 10 kph increase in delta V; similarly, the odds of at least one AIS Ն 3 injury increased on average by 67% (95% CI, 40%-102%) for each 10 kph increase in delta V. Table 2 shows the risk of AIS Ն 2 and AIS Ն 3 injury by body region. Injury risk for all body regions increases with delta V; however, there is a very approximate "threshold" effect at 20 kph (12.4 mph) for AIS Ն 2 abdominal injuries and 40 kph (24.8 mph) for AIS Ն 2 neck, spine, and thorax injuries. Table 3 provides the delta V at which child occupants would be expected to sustain AIS Ն 2 and AIS Ն 3 injuries with probabilities greater than 25%, 50%, 75%, and 90%, under the quadratic risk model. 1 The delta V at which 50% of child occupants would be expected to sustain any AIS Ն 2 injury was 37 kph (23.0 mph; 95% CI, 32-45 kph) and any AIS Ն 3 injury was 63 kph (39.1 mph; 95% CI, 51-ϱ kph). The fact that more than 10% of children failed to sustain AIS Ն 2 injuries, even at highest delta V observed, made it difficult to assess speeds at which 90% risk of injury would occur, although the model suggests that extremely high decelerations (in excess of 100 kph) would be required. Data for Tables 2 and 3 are from a convenience sample, and the data do not represent a specific population.
DISCUSSION
This study is the first to demonstrate that the vehicle's delta V is a strong predictor of injury severity for children involved in frontal motor vehicle crashes. Prior studies have correlated motor vehicle crash delta V with injury severity; however, these data have been primarily limited to adults occupants. [1] [2] [3] [4] [5] Utilizing data from the National Automotive Sampling System and the Co-operative Crash Investigation Study, Neal-Sturgess et al found an association between the AIS and crash delta V. 1 Similarly, Augenstein et al demonstrated a significant correlation between the delta V and the risk of sustaining a maximal AIS 3ϩ injury in data also obtained from the National Automotive Sampling System (NASS). 2 The data analyzed by both Neal-Sturgess et al 1 and 7 Dischinger et al found that vehicle occupants involved in crashes with a delta V greater than 30 mph (50 kph) had a risk of complications 5 times greater than occupants in lower delta V crashes. 3 This study specifically excluded patients under the age of 17; thus, these findings are not applicable to the pediatric patient. Richter et al were able to demonstrate a positive correlation between delta V and injury severity in their series of investigated motor vehicle crashes. 4 Their study focused only on patients with a thoracic injury, a rare injury for children. 8 The mean age of their subjects was 36.2 years, thus questioning the applicability to the pediatric patient population. Finally, Davis et al demonstrated a strong correlation between high delta V crashes and blunt cerebrovascular injuries, but again, in an adult population. 5 Our findings extend these results by demonstrating that the relationship between delta V and injury severity applies to the pediatric population. Specifically, the data suggest critical values of delta V that correlate to a 50% risk of injury: 37 kph for AIS Ն 2 and 63 kph for AIS Ն 3. Of note, in all of the prior studies, all crash directions (eg, frontal impact, side impact, etc) were considered. [1] [2] [3] [4] [5] In the current study, we elected to consider only frontal crashes. The WinSmash program used to calculate delta V was developed based on frontal barrier crashes; thus, its applicability is greatest in crashes of that direction. 9 The strong correlation of increasing delta V and increasing likelihood of AIS Ն 2 or AIS Ն 3 injury suggests this information might be of clinical utility in the assessment of the pediatric patient involved in a motor vehicle crash. EDRs have been installed in General Motors cars, trucks, vans and SUVs since 1994 and in Ford Motor Company vehicles since 2000. 10 It is now estimated that more than 30 million EDR-equipped vehicles (15% of the vehicle fleet) are on the highways. 11 Information gleaned from the EDR includes: delta V, principal direction of force, airbag deployment, and time of crash. 12 Delta V information obtained from the EDRs has been shown to correlate well with crash investigation generated values. As delta V will increasingly be available for analysis, its usefulness as a clinical predictor may evolve. 10 These data may be retrieved by interrogating the EDR with portable hand-held devices, potentially even by prehospital providers. 13 In addition, investigations have demonstrated the feasibility of automated collision notification systems installed in vehicles that transmit wireless information to emergency authorities at the time of a motor vehicle crash. 14 Such systems transmit information such as location (through global positioning satellite technology) and airbag deployment. Devices could also be programmed to send information regarding delta V to prehospital personnel for clinical use.
Because of the crashes included in this sample are a nonprobability sample, selected for case series crash investigation purposes, they are not necessarily a representative sample of all passenger vehicle crashes in which children are present; thus, the results may not be generalizable beyond this sample. In particular, because crashes were chosen due to severe and/or unusual injuries or crash characteristics, the baseline estimates of risk are likely higher than the true risk in a population of all crashes. However, it is thought that these crashes are at least approximately representative of the more serious crashes to which an EMS unit would respond. As technology advances and timely access to event data improves, this information may be available to the clinician to help with injury identification and researcher to help understand injury thresholds based on crash severity. Correlation of pediatric anatomic injury information and crash severity data may prove very valuable in vehicle safety design and injury prevention strategies. With the increasing availability of EDRs that directly measure the delta V, efforts to obtain this information from the field should be explored.
